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Abstract 
 
The emissions to water from a 1.9 kW two-stroke outboard engine were investigated in the laboratory 
and in the field, with the primary objective being to characterise and quantify the pollutants that 
remain within the water column. The emission rates of polycyclic aromatic hydrocarbons (PAHs) and 
volatile organic compounds (VOCs) were determined for the engine when using a mineral and an 
equivalent environmentally adapted lubricant (EAL). A comparison of the emission rates was 
conducted between the results from the fresh and sea water tests. The results showed that there was 
little difference in the emission rates of these pollutants when either of the lubricants was used in both 
the fresh and sea water. A further set of tests were done to find out the effect on pH of water due to 
the underwater emissions and these tests were done using both mineral and environmentally adapted 
lubricant. The results showed that the type of lubricant does not have any effect on the change in pH 
of the water. 
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1. Introduction 
 
The worldwide use of lubricants has surpassed 37 million tons annually, with estimates of 32% of this 
finding its way back into the environment unchanged. In Europe it has been estimated that 
approximately 5.2 million tons are used, with 55% of this becoming waste oil. Figures such as these 
have lead to the development of nontoxic, non-polluting and rapidly biodegradable alternatives 
to the traditional mineral based oil [1,2]. 
 In the early 1980s European lubricant manufacturers went about developing EALs in an effort to 
reduce the potential impacts of their products. Van der Waal et al. [3] report that two-stroke outboard 
engines were the first application of EALs, and these were an ester based fluid with suitable ash less 
detergent additives and low aromatic solvents. Their development was in response to early 
environmental mandates implemented by certain European countries. 
This new range of products is derived from vegetable oils; with the most common being canola, soy 
and sunflower. Canola is a crop that is widely cultivated in Europe, and it is now the primary type of 
vegetable oil used for lubricants in the European market. In particular, Germany and the Alpine region 
countries have spent years of research in developing the performance characteristics of canola oil [4]. 
 
Initial tests have shown these products to have excellent high dilution and low pollution 
characteristics. Viewed from the concept of ecologically sustainable development (ESD), these 
products have more far reaching advantages over the development of mineral based products because 
they are derived from renewable resources. 
 
1.1. Total-loss lubricants 
 
It was noted above that 32% of the lubricants used worldwide find their way back into the 
environment unchanged. A significant contributor to this is total-loss lubricants. These are lubricants 
that are lost directly to the environment during normal use, such as chainsaw bar and chain oil, 
railroad flange oils and greases, drip oils, wire rope lubricants, dust suppressants, marine lubricants, 
and two-stroke engine oils [4]. 
Among this group of lubricants, two-stroke engine oils are unique, in that, they undergo a process of 
combustion within the cylinder of an engine. A study of two stroke lawn mowers in Newcastle, 
Australia, found that on average, 34% of the fuel/oil mixture short-circuited directly into the exhaust. 
The study also estimated that in comparison to local transport sources, this type of lawn mower 
contributes 5.2% of CO and 11.6% of NMHC emissions in the area [5]. 
 
Martin [6] reports that millions of litres of unburned fuel and oil are released into marine 
environments each year from conventional marine two-stroke engines. Other comparative studies 
between different types of two-stroke engines and four-stroke engines have found that carburetted 
two-stroke engines emit particulate matter at rates approximately 4.5 times the rate of a fuel injected 
two-stroke engine and 20–80 times the rate of a four-stroke engine [7]. 
 
1.2. Two-stroke engines and the aquatic environment 
 
Hydrocarbon (oil) contamination poses a serious threat to the marine environment [8]. Studies have 
shown that, in one day_s use, a single two-stroke powered personal water craft (Jet Ski) will emit the 
same amount of hydrocarbons and nitrogen oxides to the atmosphere as a 1998 model family sedan 
that travels 160,000 km [6]. Other studies have shown the hydrocarbon emissions from these engines 
to not only be detrimental to water quality, but also to marine biota [9–14]. Based on findings such as 
these, the USEPA has mandated a 75% reduction in hydrocarbon and NOx emissions from these 
engines by 2006 [15]. This has resulted in some manufacturers adopting design changes such as direct 
fuel injection, or move to the manufacture of four stroke engines. 
 
Since two-stroke engines emit a considerable part of their fuel/oil mixture into the water, and it has 
been documented that the toxicity of these emissions can persist for up to 14 days in water [9], it is 
reasonable to expect that the EAL would minimise the adverse effects of such emissions on aquatic 
ecosystems. Further, the use of an EAL could reduce the emission of hydrocarbons from two-stroke 
engines. This study has investigated the pollutants that remain within the water column after 
combustion, in view of the fact that most two-stroke outboard engines emit their gases below the 
water line. Also, a comparison of the emissions when using an EAL and an equivalent mineral oil has 
been conducted to investigate the difference (if any) in the amounts and diversity of pollutants emitted 
by an engine using different types of oils. Tests were conducted both in the laboratory and in the field. 
 
2. Experimental equipment and procedures 
 
2.1. Experimental equipment – engine tests A new 1.9 kW two-stroke outboard engine and a test 
tank were set up in the thermo-fluids laboratory in the School of Mechanical, Manufacturing and 
Medical Engineering, at the Queensland University of Technology, Brisbane, Australia. The test tank 
was filled with 665 L of tap water, and the engine was tuned to the manufacturer’s specifications. The 
fuel used was unleaded petrol (summer low volatility formulation), and the lubricating oils were a 
mineral oil and an equivalent EAL. The fuel and oils were mixed in a 50:1 ratio as specified by the 
manufacturer. A digital tachometer was connected to the engine for RPM measurements, and spacers 
manufactured for the throttle pin so tests at different throttle settings could be repeated with accuracy. 
A 50 mL burette was also connected to the fuel supply system of the engine so the rate of fuel 
consumption could be accurately measured. 
 
2.2. Emissions testing procedure 
 
A preliminary investigation of the pollutants that are emitted to the water was conducted. This 
analysis investigated the presence of more than seventy compounds, from which it was determined 
that polycyclic aromatic hydrocarbons (PAHs) and volatile organic compounds (VOCs) would be the 
focus of the detailed study [16]. The procedure that was used for the detailed study follows: 
 
 The test tank was scrubbed clean and filled with fresh tap water. 
 From empty, the fuel tank was filled with the correct fuel/oil mixture as per the 
manufacturer’s specifications. 
 The engine was started and run for 5 min to reach operating temperature in a separate warm 
up tank. 
 The engine was removed from the warm up tank and was rinsed and wiped clean to ensure no 
cross-contamination of the test tank water. 
 The engine was run for 10 min; at which point water samples were taken from a tap at the 
bottom of the tank while the engine was still running. (It has previ- 610 C.A. Kelly et al. / 
Materials and Design 26 (2005) 609–617 ously been demonstrated that stripping effects due 
to the exhaust gas flow could be minimised by limiting the experiments to 10 min [9].) 
 The engine was then run dry of fuel and removed from the tank. 
 
This procedure was repeated three times for five different throttles settings and for both lubricating 
oils. The experiments conducted in the field (sea water) were a scaled down version of the above. 
Engine tests were conducted at throttle settings of 20%, 60% and 
100%, with three tests conducted at each. Further, it was determined to only analyse for PAHs since 
the laboratory experiments revealed that the concentrations of VOCs were due primarily to the fuel 
fraction of the fuel/ oil mixture. The field experiments were conducted at Redland Bay, South East 
Queensland, Australia. The Queensland Environment Protection Agency has defined this area as a 
typically coastal region. 
 
2.3. Pollutant extraction procedure 
 
The USEPA Method 610 – Polynuclear Aromatic Hydrocarbons, in Methods for Organic Chemical 
Analysis of Municipal and Industrial Wastewater, [17], was used. 2.4. Extracted sample analysis The 
analysis of the VOCs samples was conducted by Envirotest Australia Pty Ltd using the solid phase 
micro- extraction procedure. The analysis of the PAH samples was conducted in the Queensland 
University of Technology chemistry laboratories. The extracted PAH samples were analysed using a 
Hewlett Packard 6890 Gas Chromatograph (GC) with a Flame Ionisation Detector (FID). 
 
2.5. Statistical investigation 
 
A principal component analysis (PCA), also known as a factor analysis, was conducted on the results 
using the SIMCA-P 10.0 software package. A PCA is a mathematical technique for studying matrices 
of data; its aim is to summarise the interrelationships among a number of variables in a concise but 
accurate manner to aid in conceptualising the data set. It attempts to look for the least number of 
components that contribute to most of the variance in the entire data set. 
 
2.6. PH testing 
 
A set of tests were conducted to find out the change in pH of water due to the underwater emissions. 
A TPS brand meter, model WP-81 was used. Calibration was done using standard buffer solutions. 
These tests were performed using both the mineral and environmentally 
adaptive lubricant (EAL) to find out the effect of different types of lubricant on the change in pH. 
Three tests were: 
1. Change in pH of a blank water sample: A blank water sample was collected in a bottle and the pH    
of the water was measured over a period of time. This experiment was as a control. 
2. Change in pH when using mineral lubricant: The fuel and the mineral lubricant were mixed in 50:1 
ratio and the standard procedure was followed. Water samples were collected every 2 min for 20 min 
and the samples were tested for pH and the results were recorded. 
3. Change in pH when using EAL: This time an EAL was used and the standard procedure was 
followed. Water samples for pH testing were collected every 2 min for 20 min and the results were 
recorded. 
 
3. Results 
The following results are a brief summary of the work to date. Presented are the mean emission rates 
of PAHs and VOCs for both lubricants, and for both fresh and sea water. Also presented are the 
concentrations of these compounds in the raw fuel and oils. 
 
3.1. Laboratory test results 
 
Table 1 shows the levels of each of the PAH compounds in the fuel and oil mixtures for the two 
lubricating oils used in the engine tests. Also shown is the amount in 20 mL of the oil itself (20 mL is 
the volume added to 1 L of fuel). As can be clearly seen, the fuel is the major contributor, in most 
instances, to the content of these compounds in the fuel/oil mixtures. 
 
Tables 2(a) and (b) show the PAH results from the laboratory tests when using both lubricants. The 
compounds naphthalene, phenanthrene, and 1,2-benzanthracene were emitted at the highest rates. 
Overall, little difference could be seen between the results for 
both of the lubricating oils. 
The results for the analysis of the VOCs are presented in a similar manner to those of the PAHs. Table 
3 shows that the lubricating oils contribute almost no VOCs to the raw fuel and oil mixtures; the fuel 
itself appears to be the primary contributor to these compounds. Interestingly, the RBL showed 
measurable levels of some of the VOCs. Also note that the units for the concentrations are in terms of 
milligrams per litre for the VOCs, whereas, they were in micrograms per litre for the PAHs. 
 
Compound Fuel 
(µg/L) 
Mineral oil 
(µg/20 mL) 
RBL 
(µg/20 
mL) 
Fuel/ mineral oil 
mixture (µg/L) 
Fuel/RBL 
mixture 
(µg/L) 
Naphthalene 1682.65  572.89 26.11 2255.54 1708.75 
Acenaphthylene 30.63  0.80 1.01 31.43 31.64 
Acenaphthene 28.47  1.78 1.31 30.25 29.78 
Fluorene 35.29  0.56 0.28 35.85 35.57 
Phenanthrene 13.04  0.10 0.07 13.14 13.10 
Anthracene 9.92  0.16 0.10 10.08 10.02 
Fluoranthene 4.29  7.92 3.18 12.21 7.48 
Pyrene 6.18  15.61 20.08 21.79 26.26 
Chrysene 0.13  73.74 24.61 73.87 24.74 
1,2-Benzanthracene 0.00  31.33 13.61 31.33 13.6 
Benzo(k)fluoranthene      
Benzo(a)pyrene      
lndeno(1,2,3cd) pyrene 
and 1.2:5.6-
Dibenzanthracene 
     
1.12-Benzoperylene      
 
 
Table 1 
Concentration of the PAH compounds in the raw fuel, oils and fuel and oil mixtures 
__________________________________________________________________________________ 
Compound  Fuel Mineral 
oil  
RBL  Fuel/mineral oil 
mixture  
Fuel/RBL 
mixture  
 (lg/L) (lg/20 
mL)  
(lg/20 
mL)  
(lg/L)  (lg/L)  
Naphthalene  1682.65 572.89  26.11  2255.54  1708.75  
Acenaphthylene  30.63 0.80  1.01  31.43  31.64  
Acenaphthene  28.47 1.78  1.31  30.25  29.78  
Fluorene  35.29 0.56  0.28  35.85  35.57  
Phenanthrene  13.04 0.10  0.07  13.14  13.10  
Anthracene  9.92 0.16  0.10  10.08  10.02  
Fluoranthene  4.29 7.92  3.18  12.21  7.48  
Pyrene  6.18 15.61  20.08  21.79  26.26  
Chrysene  0.13 73.74  24.61  73.87  24.74  
1,2-Benzanthracene  0.00 31.33  13.61  31.33  13.61  
Benzo(k)fluoranthene  70.33 29.97  20.20  100.30  90.53  
Benzo(a)pyrene  263.3
3 
35.36  21.35  298.69  301.25  
lndeno(1,2,3cd)pyrene and 1.2:5.6-
Dibenzanthracene  
525.6
3 
71.58  16.57  597.21  542.20  
1.12-Benzoperylene  0.00 20.95  4.49  20.95  4.49  
 
 
 
 
 
 
 
 
Compound  
20% 
Throttle  
40% 
Throttle  
60% 
Throttle  
80% 
Throttle  
100% Throttle 
(lg/kW/h)  
 (lg/kW/h) (lg/kW/h) (lg/kW/h) (lg/kW/h)   
(a)       
Naphthalene  63.23  147.54  231.10  326.75  421.62  
Acenaphthylene  2.12  3.17  0.00  0.00  0.13  
Acenaphthene  34.83  2.31  2.05  11.86  12.86  
Fluorene  0.00  0.00  0.00  0.00  0.00  
Phenanthrene  487.66  0.00  0.00  93.19  176.65  
Anthracene  0.00  0.00  0.00  11.72  16.86  
Fluoranthene  1.80  12.10  8.34  15.12  8.14  
Pyrene  0.00  7.99  6.55  9.16  1.01  
Chrysene  0.00  0.00  0.00  0.00  0.00  
1,2-Benzanthracene  119.03  48.44  231.63  223.06  100.46  
Benzo(k)fluoranthrene  32.37  16.01  12.96  30.91  11.56  
Benzo(a)pyrene  14.79  0.00  0.00  80.47  6.46  
lndeno(1,2,3cd)pyrene and 1.2:5.6-
Dibenzanthracene  
0.00  0.00  0.00  6.96  4.17  
1.12-Benzoperylene  0.00  0.00  0.00  8.67  8.06  
(b)       
Naphthalene  20.05  126.68  118.39  6.61  264.00  
Acenaphthylene  11.14  1.74  2.87  0.15  1.84  
Acenaphthene  21.42  10.46  7.71  4.09  14.46  
Fluorene  2.72  6.83  6.81  2.46  10.29  
Phenanthrene  648.84  202.75  119.79  111.58  2.03  
Anthracene  2.80  1.28  0.61  1.14  0.79  
Fluoranthene  30.69  0.00  0.70  1.00  0.00  
Pyrene  19.96  6.11  3.45  34.51  4.80  
Chrysene  0.00  0.41  3.82  0.22  27.95  
1,2-Benzanthracene  46.17  45.04  250.92  0.00  14.92  
Benzo(k)fluoranthene  0.00  21.71  6.96  0.00  131.32  
Benzo(a)pyrene  0.00  0.00  0.00  0.00  31.54  
lndeno(1,2,3cd)pyrene and 1.2:5.6-
Dibenzanthracene  
0.00  0.00  0.00  0.00  0.00  
1.12-Benzoperylene  0.00  0.00  0.00  0.00  0.00  
 
 
The emission rates of the VOC compounds were significantly higher than those of the 
PAHs. Tables 4 and 5 show the VOC emission rates when both of the lubricants were 
used. The values for toluene and C3 benzenes were very high, while the values for alkyl 
naphthalenes were much lower; this trend occurred for both lubricants. However, some of 
the individual values were significantly higher when the EAL was used instead of the 
equivalent mineral oil. 
 
  
Table 3   
Concentration of the VOC compounds in the raw fuel, oils and fuel and oil mixtures   
Compound  Fuel (mg/L)  
Mineral oil 
(mg/20mL)  
RBL 
(mg/20mL)  
Fuel/mineral oil mixture 
(mg/L)  
Fuel/RBL 
mixture (mg/L) 
Benzene  10,624.00  <5  <5  10,624.00  10,624.00  
Toluene  47,840.00  6.00  13.00  47,840.00  47,840.00  
Ethyl 
benzene  6786.00  <5  30.00  6786.00  6787.00  
o, m-
Xylenes  
18774.00  <5  86.00  18,774.00  18,776.00  
p-Xylene  12,266.00  <5  42.00  12,266.00  12,266.00  
C3 
Benzenes  26,023.00  <50  <50  26,023.00  26,023.00  
C4 
Benzenes  8479.00  <50  <50  8479.00  8479.00  
Naphthalene  154.00 295.00  <5  160.00  154.00  
Alkyl 
naphthalenes  338.00 <50  <50  338.00  338.00  
 
Compound  20% Throttle  40% Throttle  60% Throttle  80% Throttle  
100% 
Throttle  
 (lg/kW/h)  (lg/kW/h)  (lg/kW/h)  (lg/kW/h)  (lg/kW/h) 
Benzene  1119.09  3051.33  2446.32  2247.12  3161.68  
Toluene  3111.13  10,195.38  8422.16  7799.94  11,102.02 
Ethyl benzene  333.28  1427.08  1298.40  1127.82  1524.00  
o, m-Xylenes  1022.90  4125.61  3707.70  3275.96  4477.84  
p-Xylene  759.65  2737.70  2444.35  2201.80  3142.24  
C3 Benzenes  1846.00  10,840.30  10,078.39  8372.65  11,109.19 
C4 Benzenes  1137.59  7139.28  7003.40  5499.25  6705.16  
Naphthalene  0.00  92.34  94.31  135.92  129.96  
Alkyl 
naphthalenes  0.00  0.00  0.00  243.99  291.16  
 
Compound  20% Throttle  40% Throttle  60% Throttle  80% Throttle  
100% 
Throttle  
 (lg/kW/h)  (lg/kW/h)  (lg/kW/h)  (lg/kW/h)  (lg/kW/h) 
Benzene  2271.97  3496.30  3232.19  2835.61  3954.27  
Toluene  6232.60  11,419.99  10,431.27  9031.72  13,418.26 
Ethyl benzene  746.13  1534.02  1321.94  1040.38  1811.47  
o, m-Xylenes  1820.55  4442.29  3661.83  2909.30  5443.81  
p-Xylene  1422.66  3233.38  2658.80  2251.31  3666.86  
C3 Benzenes  5079.33  14,028.41  9651.62  6961.37  11,691.54 
C4 Benzenes  1999.79  9221.16  5761.37  3889.26  6494.22  
Naphthalene  29.23  144.50  91.72  89.89  188.00  
Alkyl 
naphthalenes  0.00  184.72  0.00  0.00  253.76  
 
